Objective: The purpose of this health technology assessment (HTA), commissioned by the German Agency for HTA at the German Federal Uwe Siebert 1 Gaby Sroczynski 2 Ministry of Health and Social Security, was to systematically review the German Hepatitis C Model (GEHMO) Group evidence on effectiveness and cost-effectiveness of antiviral treatment (AVT) for initial chronic hepatitis C (CHC) and to apply these data in the context of the German health care system.
Introduction
Chronic hepatitis C (CHC) is an emerging problem in public health. Hepatitis C virus (HCV) infects an estimated 170 million persons world-wide, with 5 million in Western Europe [1] . In Germany, the prevalence of HCV has been estimated to be 0.5% and the incidence to be 5000 new infected persons per year, resulting in more than 400,000 prevalent cases of chronic hepatitis C [2] , [3] . The virus imposes significant personal and social burdens on infected individuals, as well as substantial costs to society. Progression to chronic disease occurs in the majority of HCV-infected persons [4] . Approximately 20% of patients with CHC develop compensated liver cirrhosis within 20 -30 years [5] , [6] , [7] , [8] , [9] , [10] , [11] , [12] , which is associated with high mortality risk due to liver failure. Antiviral combination therapy with interferon alpha and ribavirin has been considered the standard of care for treatment-naïve patients with chronic hepatitis C infection and elevated alanine amino transferase (ALT) levels [5] , [13] , [14] , but recent multinational randomised controlled clinical trials [15] , [16] showed that combination therapy with peginterferon alpha and ribavirin yielded higher sustained virological response rates. However, antiviral combination therapy is relatively expensive, raising the question of whether its clinical benefit supports the costs. With rising medical costs and limited health care budgets, attention is increasingly being focused not only on the clinical benefits of new drugs but also on their economic impact. To date no systematic evaluation of the medical benefits and economic effects of antiviral therapy for patients with CHC has been undertaken in Germany. Therefore, the German Agency for Health Technology Assessment at DIMDI and the German Federal Ministry of Health and Social Security commissioned this health technology assessment (HTA). Its objectives were (1) to systematically review the evidence on effectiveness and cost-effectiveness of initial antiviral combination therapy in patients with CHC, (2) to develop a decision-analytic Markov model for treatment-naïve patients with CHC for the context of the German health care system and (3) to analyse the effectiveness and cost-effectiveness of initial antiviral therapy in patients with CHC and elevated ALTs in Germany.
Research Questions
All research questions of this study were based on a population of treatment naïve patients with chronic hepatitis C and elevated ALT levels. The following specific research questions were examined. 1 
Methods

Systematic Review
Electronic databases, HTA-information networks, and bibliographic sources were systematically searched to identify randomised controlled trials (RCT), meta-analyses, or HTA reports that evaluated initial antiviral combination therapy in patients with CHC (see appendix for search code in Notes). The time horizon of the literature search was limited from 1990 to 2002. Study quality and transferability to the German context were assessed using instruments developed by the German Scientific Working Group Technology Assessment for Health Care [17] , [18] , [19] . The information was qualitatively summarised in evidence tables [20] . Results are reported in countryspecific currencies. To facilitate comparison across countries, all results were additionally converted to US dollars (US$) of the index year of each study. As currency conversion methods in the individual studies were poorly described, we used exchange rates expressed as national currency units per US$ instead of applying Purchasing Power Parities (PPPs) [21] . A meta-analysis of randomised clinical trials on the medical effectiveness of antiviral combination therapy with peginterferon plus ribavirin was performed using random and fixed effects models (REM, FEM). Based on the standards of the Cochrane Collaboration [22] 
Decision Analysis
A modified version of the German Hepatitis C Model (GEHMO) was used. This model was designed to include pooled effectiveness data from meta-analyses, as well as benefits and costs, for employing different antiviral treatment strategies for patients with chronic hepatitis C. Pooled effectiveness data were derived from metaanalyses performed by the Hepato-Biliary Cochrane Group [23] , [24] and additional meta-analyses were performed by the authors. GEHMO is a decision-analytic Markov model based on a previously published and validated Markov model for the natural history of disease [25] , [26] and modified for the German health-care system and German hepatitis C-specific practice patterns. The model was used to determine long-term morbidity, life expectancy, quality-adjusted life expectancy, lifetime costs, and discounted incremental cost-utility ratios (ICUR) of the following strategies: (1) no antiviral therapy, (2) interferon monotherapy (3x3 MU/week) for 48 weeks, (3) combination therapy with interferon (3x3 MU/week) and ribavirin (1000-1200 mg/day) for 48 weeks, and (4) combination therapy with peginterferon (180 μg/week for peginterferon alpha 2a; 1.5 μg/kg for peginterferon alpha 2b) plus ribavirin (800-1200 mg/day) for 48 weeks. According to the European guidelines [5] , interferon monotherapy was stopped after 12 weeks and combination therapies were stopped after 24 weeks if no virolo- [5] . Natural history data were estimated from several published studies and have been described elsewhere [25] , [26] . Histological classification as mild or moderate chronic hepatitis or compensated cirrhosis was defined by the modified histology activity index of Knodell [27] , [28] . For the German context, demographic and clinical parameters as well as utilities were based on original data from a quality-of-life survey in CHC patients (n=428) [29] , [30] . Utility data included empirically estimated relative reductions in short-term quality-of-life due to positive HCV status (2%) and adverse events during antiviral treatment (5% for interferon plus ribavirin and 10% for peginterferon plus ribavirin). Our model included pooled short-term outcomes (overall sustained virological response rates and respective relative risks) from recently published RCTs and meta-analyses. Relative virological response rates of interferon monotherapy and combination therapy with interferon alpha plus ribavirin were based on a recently published meta-analysis [23] and a Cochrane Review [24] . We performed a meta-analysis to derive pooled virological response rates of combination therapy with peginterferon plus ribavirin published in two randomised clinical multicentre trials [15] , [16] (see Table 1 ). Direct annual costs were calculated based on frequencies of inpatient and outpatient visits, diagnostic and laboratory testing, medication, and procedures related to the specific health states (Table 2 ). Health resource utilisation frequencies were derived from a German expert panel (n = 10) and an economic survey in chronic hepatitis C patients (n = 196). Costs were derived from healthcare databases and currently applicable pharmaceutical prices of interferon alpha, peginterferon alpha, and ribavirin in Germany (Table 3) . A 5% deduction from pharmaceutical prices for the proportion of persons insured by the social health insurance in Germany was performed. For modelling the costs of liver transplantation, a study [31] based on German patient data for the year 1993 was used. All costs were converted to year 2002 Euros (1 Euro = 1.95583 DM) by using the medical care component of the Consumer Price Index for Germany [32] . An annual discount rate of 3% was applied to costs and effectiveness based on international recommendations [33] , [34] and varied in sensitivity analyses between 0% and 10% regarding German recommendations [35] .
Model Validation
The decision model was validated on three levels: • Technical validation: 'clean up' of the software program from potential programming bugs • Internal validation: comparison of model predictions with epidemiological and clinical data used in the model • External validation: comparison of model predictions with published epidemiological data not used in the model The technical validation using different routine tests (e.g. setting SVR equal for all strategies, eliminating antiviral treatment costs, eliminating CHC-related mortality, etc.) yielded the expected results. In the internal validation, all data values used were reproduced exactly by the decision model (e.g. SVR rates, progression incidences, background mortality). In the external validation, the incidence of developing compensated liver cirrhosis in patients with mild chronic hepatitis C was adjusted for the spontaneous HCV-remission rate of 31% in patients with acute HCV-infection [36] . The model predicted a 20-year incidence of developing Table 3 : Medication prices for antiviral treatment [60] compensated liver cirrhosis of 19% in patients with initial HCV-infection. This result is consistent with published data from prospective studies [4] , [37] . As the spontaneous HCV remission rate and the incidence of liver cirrhosis have been extracted from different sources, using different values for spontaneous HCV remission could lead to a proportional deviation from the cirrhosis incidence used in the validation. However, different rates for spontaneous HCV remission would not influence results from this model because the target cohort of our analysis are patients with chronic hepatitis C.
Sensitivity Analyses
To assess the robustness of base-case results, univariate sensitivity analyses were performed for all model parameters based either on 95% confidence intervals or on ranges used in the literature. Costs were halved and doubled to obtain lower and upper limits. In addition to univariate sensitivity analyses, multivariate sensitivity analyses were performed on the entire set of disease progression rates. As it has been shown that the progression of hepatitis C observed in epidemiologic studies varies and strongly depends on the study design [8] , we performed conservative sensitivity analyses with extremely low progression rates. Furthermore, we analysed a worst-case scenario using extremely conservative estimates for benefits and costs for the combination therapy with peginterferon and ribavirin.
Software
Decision analytic calculations were performed with DATA Pro for Health Care (TreeAge Software Inc., Williamstown, MA), SAS 8.1 (SAS Institute Inc., Cary, NC). Systat 10 (SPSS, Inc., Chicago, IL) was used for statistical analyses of primary data. 
Results
Systematic Review
Twelve studies regarding the medical efficacy of combination therapy with interferon plus ribavirin compared to interferon monotherapy were included; herein 2 HTA reports [38] , [39] 1 systematic Cochrane review [24] , 2 meta-analyses [23] , [40] and 7 controlled randomised clinical trials [41] , [42] , [43] , [44] , [13] , [14] , [45] . Two controlled randomised multicentre studies [15] , [16] regarding medical efficacy of combination therapy with peginterferon and ribavirin compared to interferon plus ribavirin were identified and included. All included studies reported significantly higher SVR for combination therapy with interferon and ribavirin compared with interferon monotherapy (38-54% vs. 11-21%) ( Table 4) . Meta-analyses reported SVRs of 32-41% for interferon in combination with ribavirin compared to 8-16% for interferon monotherapy. For peginterferon combined with ribavirin, multicentre clinical trials reported SVRs of 54% vs. 47% (p-value 0.01) [16] and 56% vs. 44% (p-value < 0.001) [15] compared to standard combination therapy, respectively (Table 5) . In a subgroup data analysis, one multicentre study [16] showed that patients treated with a dosage of 10.6 mg or more ribavirin per kg body weight had higher SVRs. Sixty-one percent of patients treated with peginterferon plus ribavirin compared to 48% patients treated with interferon plus ribavirin achieved a sustained virological response. The pooled relative risk for the outcome 'no sustained virological response' for the combination therapy with peginterferon plus ribavirin versus interferon plus ribavirin was 0.83 (95% CI 0.76-0.91 for fixed effects model and 0.75-0.91 for random effects model). Figure  1 shows the forest plot for the fixed effects model. Seven studies including one HTA report [46] , [47] , [48] , [39] , [49] , [50] , [51] regarding cost-effectiveness of antiviral combination therapy with interferon and ribavirin in patients with chronic hepatitis C were identified in the search period of this HTA (January 1990 -December 2002), but no publications were found examining costeffectiveness of antiviral combination therapy with peginterferon and ribavirin. Incremental cost-effectiveness ratios varied over a wide range depending on discount rate, treatment duration, and population characteristics (Table 6 ). All studies considered antiviral therapy with interferon plus ribavirin seemed to be reasonably cost-effective. For full evidence tables and results on study quality and transferability see the online HTA, the full text of which is available at www.dimdi.de [52] .
German Decision Analysis
Based on our decision analysis, initial antiviral therapy compared to no treatment in patients with chronic hepatitis C saved 1.1 life years for interferon monotherapy, 2.9 life years for interferon plus ribavirin, and 4.6 life years for peginterferon plus ribavirin (Table 7) , and reduced the 20-year-risk of dying from liver failure by 12% for interferon alone, 29% for interferon plus ribavirin, and 46% for peginterferon plus ribavirin (Table 8 ). Compared to no antiviral therapy, interferon monotherapy saved 1.2 quality-adjusted life years (QALY), while combination therapy with interferon and ribavirin saved 3.0 QALYs and peginterferon plus ribavirin saved 4.8 QALYs.
After discounting for future benefits, interferon monotherapy gained 0.53 QALYs with additional costs of € 2,800 resulting in an ICUR of € 5,300 per QALY compared to no antiviral therapy (Table 9 ). Moving from interferon monotherapy to interferon plus ribavirin was associated with 0.78 QALYs gained, additional costs of € 9,000, and an ICUR of 11,600 €/QALY. Compared to interferon monotherapy (as the next best non-dominated strategy), peginterferon plus ribavirin gained 1.53 QALYs and increased costs by € 14,900 yielding an ICUR of 9,800 €/QALY. Therefore, combination therapy with peginterferon plus ribavirin was the most effective treatment strategy and was more efficient than interferon plus ribavirin. To facilitate comparison with ICURs presented in Table 6 , we converted the model-based ICURs for Germany to 2002 US dollars using the currency exchange rate (US$1 equals €1.07) [21] . When compared to interferon monotherapy, the ICURs of interferon plus ribavirin and peginterferon plus ribavirin were 10,800 US$/QALY and 9,200 US$/QALY, respectively. In sensitivity analyses, results were robust when varying most relevant model parameters. Even when reducing SVR to 50%, combination therapy with peginterfe-ron plus ribavirin was still the most effective strategy. Peginterferon plus ribavirin remained the most effective and costeffective strategy when varying the proportion of patients with compensated cirrhosis from 0% to 52%, the propor- Table 6 : Discounted incremental cost-effectiveness-ratios (ICER) and discounted incremental cost-utility-ratios (ICUR) for combination therapy with interferon plus ribavirin (24 or 48 weeks) vs. interferon monotherapy (48 weeks) in treatment-naїve patients with chronic hepatitis C Table 7 : Undiscounted therapy costs and lifetime treatment costs in € (base-case analysis) Table 8 : Twenty-year-risk for clinical events, life expectancy, and quality-adjusted life expectancy (undiscounted).* tion of male CHC-patients from 20% to 100%, or when body weight was increased by 20%. Several sensitivity analyses were performed on progression rates. In a conservative scenario, the 20-year incidence of compensated cirrhosis was set to 7% as reported in a meta-analysis of results from community-based studies [8] . This scenario is conservative, because the study population of community-based studies included 38% of patients with normal ALT levels which is associated with a reduced risk of developing liver cirrhosis compared to our target population of CHC-patients with elevated ALT levels [53] . Figure 2 demonstrates the impact of progression on the ICUR of antiviral combination therapy. Even with a 20-year-incidence of cirrhosis of only 7%, as reported in community studies [8] , peginterferon plus ribavirin was the most effective therapy and, with an ICUR of 21,100 €/QALY, was still reasonably cost-effective. When we further removed the 2% quality-of-life reduction due to HCV-infection in viral-positive CHC patients in this conservative scenario, the ICUR increased to 26,200 €/QALY. In the worst-case scenario, which was performed to obtain extremely conservative estimates for benefits (e.g., SVR) and costs for the combination therapy with peginterferon and ribavirin, peginterferon plus ribavirin was the most effective treatment strategy and resulted in an ICUR of 27,300 €/QALY compared to the next best non-dominated strategy (i.e., interferon monotherapy). Table 9 : Base-case analysis: absolute and incremental discounted costs and efficacy, discounted incremental cost-effectivenessratio and discounted incremental cost-utility-ratio for different treatment strategies at annual 3% discount rate* Figure 2 : Influence of disease progression rate on the incremental cost-utility-ratio of antiviral combination therapy. Disease progression is described as 20-year incidence of compensated liver cirrhosis in initial HVC-infected patients (including acute hepatitis C).
Discussion
In this health technology assessment, a systematic evaluation of the medical efficacy and cost-effectiveness of antiviral combination therapy as an initial treatment for patients with chronic hepatitis C was performed. In addition, a modified version of the German Hepatitis C Model (GEHMO) was applied to predict the 20-year risks of CHCrelated liver diseases, life expectancy, quality-adjusted life expectancy, lifetime costs, and incremental cost-utility ratio for different antiviral treatment strategies and for the German health care context. Several randomised trials [41] , [42] , [43] , [44] , [13] , [14] , [45] and meta-analyses [23] , [24] , [40] reported combination therapy with interferon plus ribavirin to be more efficient than interferon monotherapy (SVR: 32-54% vs. 8-21%). Two randomised multicentre studies [15] , [16] reported a higher SVR for peginterferon plus ribavirin compared to combination therapy with interferon plus ribavirin (54-56% vs. 44-47%).
In terms of life expectancy and quality-adjusted life expectancy combination therapy with interferon plus ribavirin was more effective and also reasonably cost-effective when compared to interferon monotherapy, based on international cost-effectiveness studies [46] , [47] , [48] , [39] , [49] , [50] , [51] . In our decision analysis for the context of the German health care system, initial antiviral therapy with interferon and ribavirin compared to interferon monotherapy had a discounted ICUR of 11,600 €/QALY. Compared to interferon monotherapy, peginterferon plus ribavirin cost € 14,900 and gained 1.53 QALYs, resulting in an ICUR of 9,800 €/QALY. Therefore, combination therapy with peginterferon plus ribavirin was the most effective and costeffective treatment strategy.
Compared to other well-accepted medical interventions, e.g., hemodialysis [54] or coronary artery bypass grafts [55] with ICURs of 50,000 to 60,000 €/QALY, combination therapy with peginterferon and ribavirin can be considered as cost-effective.
As is the case with all model-based cost-effectiveness analyses, ours has several limitations due to the availability of data on the natural history of chronic hepatitis C. The risk of progression to cirrhosis is especially controversially. In a recently published review of 57 studies on the natural history of hepatitis C [8] , the authors classified the identified studies into four categories of study design and used regression analysis to derive pooled progression estimates for each category. The estimated 20-year risk of cirrhosis was 24% for post-transfusion cohorts, 22% for liver clinic series, 7% for community-based cohorts, and 4% for blood donors. Adjusting for demographic and clinical characteristics explained only a small part of the heterogeneity. It has been argued that biases such as referral bias and selection bias may explain the high cirrhosis risks in liver series and post-transfusion cohorts as well as the low estimates in blood donors [7] . The fraction of patients with elevated ALT levels varied between these different settings and was as low as 62% in the community-based studies [8] .
The target population of our study was a patient cohort with elevated ALT values and a mix of different histological stages as observed in clinical trials and routine clinical practice in the absence of systematic screening. Posttransfusion studies were the only category that required the presence of clinical or biochemical hepatitis, and thus may be the category that best represents the advanced disease stage of the population we studied. However, transfusion may be associated with underlying chronic disease, which itself may influence the progression of hepatitis [7] . In community-based studies, most patients had normal ALT values, and some studies included patients with acute hepatitis C. Thus, these studies do not reflect the decision context and the population we studied. However, even after reducing the progression rates of our model to the extent that 20-year cirrhosis risk was only 7% (i.e., reflecting the community-based estimate), the ICUR for combination therapy with peginterferon plus ribavirin remained below 22,000 €/QALY. This indicated the robustness regarding the optimal choice among the evaluated strategies even under very conservative assumptions. However, the results may be different for patients with normal ALT levels, with acute hepatitis C, or in populations in which a systematic screening for HCV was performed and, therefore, most cases were detected in a very early stage of the disease. For an evaluation in these populations, the decision model and its data must be adapted to the specific context. In particular, this means that even if future studies yield good SVRs in screened patients or patients with normal ALT values, long-term effectiveness or cost-effectiveness cannot be automatically inferred from these results without additional decision analyses. For peginterferon plus ribavirin, the estimation of medical efficacy was based on only 2 studies [15] , [16] , the only published randomised clinical multicentre trials. However, the results of these two trials were similar, and our decision analysis results remained robust when varying the SVR in sensitivity analyses. More evidence should be retrieved from additional randomised clinical trials comparing combination therapy with peginterferon plus ribavirin to standard combination therapy. Severe adverse events may occur more frequently in patients treated with peginterferon plus ribavirin than in patients treated with interferon plus ribavirin [15] , [16] .
As the absolute number of adverse events was small, and no utility data were available for each type of adverse event, we were unable to develop a micromodel for severe adverse events. Instead, we empirically estimated the overall relative reduction in quality of life due to different antiviral treatment regimens from the German CHC quality-of-life survey. Our economic analysis likely underestimates disease-related costs for several reasons, and therefore likely underestimates treatment-related savings due to prevented future complications. First, we used variable costs and did not consider fixed costs nor costs due to productivity loss. Second, our model does not include the cost of future liver biopsies and further therapy for non-responders. Third, we did not consider histology normalisation in responders, nor reduced incidence of hepatocellular carcinoma in non-responders. This analysis applied average age, gender distribution, genotype distribution, and histology to avoid potential biases related to patient-level variation in the different treatment groups of the trials and applied a consistent resource utilisation structure in the model and institutional assignment (where different institutions across Germany may vary in their economic efficiencies and accounting practices). Country to country differences in sociodemographic structure, distribution of patient's clinical characteristics, utility profiles, resource utilisation, and prices make it difficult, if not impossible, to transfer the results of our qualitative review of economic evaluations to other healthcare systems and countries [56] , [57] , [58] , [19] , [59] . However, the cost-effectiveness patterns for interferon and ribavirin in other industrialised countries were similar to the results derived from the German decision model. As none of the included economic evaluations examined the cost-utility ratio of peginterferon plus ribavirin, the German model results are currently the only data for this new treatment. Future studies should examine the efficacy and the need for antiviral therapy in patients with normal ALT levels, with histological mild hepatitis C, and with certain risk and comorbidity profiles (e.g., HIV infection, intravenous drug users, haemophilia, etc.). All clinical trials used the sustained virological response rate as a surrogate marker for the clinical efficacy. Further epidemiological studies evaluating long-term clinical outcomes (e.g., incidence of cirrhosis, mortality) should be performed to provide more evidence on the long-term benefit of antiviral therapy. Furthermore, further research is needed regarding the natural progression of the disease considering different prognostic factors. More observational long-term studies on the natural history of hepatitis C and the medical effectiveness of different therapeutic strategies should be performed, as well as prospective studies assessing actual cost for treatment and side effects in the routine health care setting.
Conclusions
This HTA suggests that initial combination therapy for chronic hepatitis C should prolong life, improve qualityadjusted life expectancy, and be cost-effective. The combination of pegylated interferon and ribavirin is currently the most effective and efficient antiviral treatment for CHC. However, because not all chronic hepatitis C patients will develop progressive liver disease, a thorough assessment of the eligibility and appropriateness of treatment with combination therapy requires a careful discussion between patients and physicians. This discussion must consider the demographic and clinical characteristics of the patient and the trade-offs between the expected prognosis, side effects, and the willingness to consider antiviral treatment to prevent potential future liver complications.
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